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ARTICLE INFO ABSTRACT
Keywords: Left ventricular hypertrophy (LVH) is a common cardiac complication in patients with cardiorenal syndrome.
Empagliflozin Empagliflozin has demonstrated cardio-renal protective effects in clinical studies, potentially linked to reductions

5/6 nephrectomy
Cardiomyocyte hypertrophy
Left ventricular mass

in left ventricular mass (LVM). Using a 5/6 nephrectomy rat model to induce cardiorenal syndrome, we
administered two doses of Empagliflozin (3 mg/kg/day and 15 mg/kg/day) via gavage for 95 days, with Tel-
misartan as a positive control. Cardiac structure and function were assessed using echocardiography, histological
analysis, and serum biomarkers. Single-nucleus RNA sequencing (snRNA-seq) and quantitative real-time poly-
merase chain reaction (QRT-PCR) were employed to investigate molecular mechanisms. The 5/6 nephrectomy

Abbreviation: 5/6Nx, 5/6 Nephrectomy; Angptl, Angiopoietin 1; ARB, Angiotensin II Receptor Blocker; AWT, Anterior Wall Thickness; BMP2, Bone Morpho-
genetic Protein 2; BNP, B-type Natriuretic Peptide; BP, Blood Pressure; CAD, Coronary Artery Disease; CKD, Chronic Kidney Disease; CMRI, Cardiac Magnetic
Resonance Imaging; DAPI, 4’,6-Diamidino-2-Phenylindole; DEGs, Differentially Expressed Genes; EF, Ejection Fraction; ER, Endoplasmic Reticulum; ERK, Extra-
cellular Signal-Regulated Kinase; ESRD, End-Stage Renal Disease; FDR, False Discovery Rate; Fhl2, Four and a Half LIM Domains 2; FS, Fractional Shortening; GO,
Gene Ontology; HCM, Hypertrophic Cardiomyopathy; HFrEF, Heart Failure with Reduced Ejection Fraction; HPLC, High Performance Liquid Chromatography; IC,
Immune Cell; INOS, Inducible Nitric Oxide Synthase; IVS, Interventricular Septum; IVSd, IVS in Diastole; IVSs, IVS in Systole; KEGG, Kyoto Encyclopedia of Genes
and Genomes; LVEDd, Left Ventricular End-Diastolic Dimension; LVEDV, Left Ventricular End-Diastolic Volume; LVESd, Left Ventricular End-Systolic Dimension;
LVESV, Left Ventricular End-Systolic Volume; LVM, Left Ventricular Mass; LVPW, Left Ventricular Posterior Wall; LVPWd, Left Ventricular Posterior Wall in Diastole;
LVPWs, Left Ventricular Posterior Wall in Systole; LVH, Left Ventricular Hypertrophy; MAPK, Mitogen-Activated Protein Kinase; MAST, Model-based Analysis of
Single-cell Transcriptomics; NFAT, Nuclear Factor of Activated T Cells; PBO, Placebo; PCs, Principal Components; PSmad, Phosphorylated SMAD; QRT-PCR,
Quantitative Real-Time Polymerase Chain Reaction; SGLT2, Sodium-Glucose Cotransporter 2; SnRNA-seq, Single-Nuclei RNA Sequencing; SV, Stroke Volume; T2DM,
Type 2 Diabetes Mellitus; TBE, Tribromoethanol; Tbx20, T-box Transcription Factor 20; UMAP, Uniform Manifold Approximation and Projection; UMI, Unique
Molecular Identifier.
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increased serum creatinine, troponin T, LVM, ejection fraction, and cardiomyocyte diameter. Empagliflozin
treatment significantly decreased LVM and cardiomyocyte hypertrophy, comparable to Telmisartan. snRNA-seq
revealed no changes in major cardiac cell populations but identified differential expression of cardiomyocyte
development genes, including Fhl2, Tbx20, and Angptl. qRT-PCR data for Fhl2 and Tbx20 aligned with the
snRNA-seq data, showing that Empagliflozin increased Fhl2 expression and decreased Tbx20 expression.
Immunofluorescence showed increased myocardial infiltration of M2 macrophages, CD4 + T cells, and CD8 + T
cells in Empagliflozin-treated rats, but there was no difference between the 5/6 nephrectomized rats and normal
rats. In a non-diabetic cardiorenal syndrome model, Empagliflozin effectively attenuated left ventricular hy-
pertrophy and cardiomyocyte enlargement. These effects appear mediated by the regulation of genes involved in
cardiomyocyte development and myocardial remodeling (Fhi2 and Tbx20), rather than cardiomyocyte prolif-
eration. These findings highlight Empagliflozin’s cardioprotective potential in cardiorenal syndrome and provide
a foundation for further clinical exploration.

1. Introduction

Chronic kidney disease (CKD), especially end-stage renal disease
(ESRD), significantly increases the risk of cardiovascular diseases,
including myocardial hypertrophy, heart failure, and coronary artery
disease (CAD) [1]. Left ventricular hypertrophy (LVH) is the most
common cardiac structural abnormality in CKD patients, affecting up to
70 % of ESRD patients [2,3]. Multiple factors contribute to uremic
cardiomyopathy, including hemodynamic overload, changes in mineral
metabolism, insulin resistance, accumulation of circulating uremic
toxins, increased endogenous cardiotonic steroids, oxidative stress, and
chronic inflammation [3]. Furthermore, damage to the heart further
accelerates the deterioration of the kidneys [4]. Exploring treatments
that can benefit both the kidneys and the heart simultaneously has long
been considered a key area of research in this field.

Empagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor,
is used in the treatment of type 2 diabetes (T2DM) to lower blood sugar.
The main pharmacological action of empagliflozin is to inhibit SGLT2,
which is located in the proximal renal tubule, thereby preventing more
than 90 % of sodium and glucose from being reabsorbed in the renal
tubules [5]. Notably, many large-scale controlled clinical trials have
reported that SGLT2 inhibitors not only effectively lower blood glucose
but also provide protective effects on the heart and kidneys in both
diabetic and non-diabetic patients. The EMPA-KIDNEY trial [6], a clin-
ical study involving 6609 CKD patients, showed that empagliflozin not
only slowed the decline in glomerular filtration rate (GFR) but also
reduced the incidence of kidney disease progression or death due to
cardiovascular disease. Additionally, clinical trials, including the
DAPA-CKD trial involving 4304 non-diabetic CKD patients [7] and the
REG OUTCOME trial involving 7020 patients with T2DM [8], have
further supported this finding. The EMPEROR-Reduced clinical trial [9]
and the EMPEROR-Preserved clinical trial [10] studied over 3000 heart
failure patients (regardless of whether they had diabetes) and showed
that empagliflozin reduced the relative risk of cardiovascular death or
hospitalization for heart failure in patients with an ejection fraction (EF)
< 40 % and EF > 40 %. More importantly, a clinical trial focusing on
nondiabetic HFrEF (heart failure with reduced ejection fraction),
EMPA-TROPISM [11,12], not only analyzed cardiovascular mortality
but also assessed cardiac structural and functional parameters. The
study suggested that empagliflozin improved left ventricular mass
(LVM) and left ventricular systolic function in heart failure patients,
while also reducing myocardial interstitial fibrosis and inflammation
markers. Subsequently, more clinical trials (DAPA-LVH trial [13];
EMPA-HEART CardioLink-6 [14]) indicated that SGLT2 inhibitors
(empagliflozin/dapagliflozin) significantly reduced left ventricular mass
(LV mass) in patients with T2DM or CAD. In the EMPA-HEART Car-
dioLink-6 trial, the beneficial effect of empagliflozin on LVM was
observed within the 6-month treatment period. This early separation of
the Kaplan-Meier curves for cardiovascular death and heart failure
hospitalization in the EMPA-REG OUTCOME trial aligns with these
findings. Therefore, the study proposed that the improvement in LVM
with empagliflozin might be a contributing factor to the favorable

cardiovascular outcomes observed in the EMPA-REG OUTCOME trial.
Given that changes in LVM are a key causal determinant of cardiovas-
cular events and mortality, understanding how SGLT2 inhibitors affect
myocardial structure and function is crucial. Accordingly, we are
exploring the mechanisms in a classic nondiabetic CKD rat model (5/6
nephrectomy) to provide valuable therapeutic insights for patients with
cardiorenal syndrome.

2. Materials and methods
2.1. Experimental animals and protocol

Animal experiments were approved by the Animal Care and Use
Committee of Jinan University, Guangzhou, China (IACUC-
20190830-02). All animal experiments complied with the ARRIVE
guidelines and were conducted in accordance with the U.K. Animals
(Scientific Procedures) Act, 1986 and associated guidelines, as well as
the National Research Council’s Guide for the Care and Use of Labora-
tory Animals.

Seven-week-old male Wistar rats were purchased from Vital River
Laboratory Animal Technology Co., Ltd (Beijing). The rats were kept ata
room temperature of 22-25°C, a humidity of 55 + 5 %, a 12-hour light/
dark cycle, and were fed standard rat chow and water. After a 7-day
adaptation, the rats were randomly divided into five groups: sham
operation + placebo (10 rats), 5/6 nephrectomy (Nx) + placebo (15
rats); 5/6Nx + telmisartan (5 mg/kg/day, 15 rats), 5/6Nx + 3 mg
empagliflozin (3 mg/kg/day, 15 rats); 5/6Nx + 15 mg empagliflozin
(15 mg/kg/day, 15 rats). The 5/6Nx procedure was performed under
anaesthesia with 2,2,2-tribromomethanol (500 mg/kg intraperitoneal
injection) as follows: unilateral nephrectomy of the right kidney (Uni-
Nx) was performed on week 1 and bipolar nephrectomy of the left
kidney on week 3. At the same time points, the Sham + PBO group
received all operations except nephrectomy. Drug or vehicle treatment
was administered by gavage from the first day after surgery until 24 h
before euthanasia, for a period of 95 days. Empagliflozin was manu-
factured by Boehringer Ingelheim Pharma GmbH & Co. KG (Biberach an
der Riss, Germany), and the dose was selected based on previous studies
[15-17]. A 0.5 % w/v hydroxypropyl methylcellulose aqueous solution
was used as a vehicle for empagliflozin. Rats in the control groups
(Sham+PBO and 5/6Nx+PBO) were only given 0.5 % w/v hydrox-
ypropyl methylcellulose solution by gavage. At the end of the study, the
rats were examined by echocardiography (vevo 770TM-230, Visual-
Sonics, Canada) in the parasternal long axis view and blood pressure was
measured using the tail-cuff method (BP-2000 Blood Pressure Analysis
System, model BP-2000-RP-4, Visitech Systems, USA). Twenty-four
hours before the end of the study, urine was collected as follows: Rats
were placed individually in metabolic cages and urine was collected for
24 h and the volume recorded. The urine was then centrifuged at 12,
000 rpm for 10 min at 4°C and the resulting supernatant was stored at
—80°C for further analysis. Due to disease and surgical losses, the final
number of animals in each group was as follows: Sham + Placebo (7
rats), 5/6Nx + Placebo (9 rats), 5/6Nx + 3 mg Empagliflozin (9 rats),
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5/6Nx + 15 mg Empagliflozin (11 rats), and 5/6Nx + Telmisartan (7
rats). Rats were euthanised in week 18, and blood and hearts were
collected. Pharmacological treatment was stopped 24 h before eutha-
nasia. Blood samples were collected from the abdominal aorta under
anaesthesia with 2,2,2-tribromomethanol (500 mg/kg i.p.). The
collected blood samples were centrifuged at 3000 rpm for 10 min at 4°C,
and the supernatant was stored at —80°C for further analysis. The heart
(ventricles and atria) was weighed and cut into two parts: the upper part
of the heart was fixed in 4 % formaldehyde solution for further histo-
logical analysis, and the remaining part was stored at —80°C for later
analysis. Tribromoethanol (TBE) was used for both terminal and short
survival procedures, as it was the only approved anesthetic available at
our institution during the study. Its use was IACUC-approved and
limited to brief interventions with appropriate post-procedure care. All
personnel were well trained in its preparation and administration, and
solutions were freshly prepared and properly stored. Under these con-
ditions, TBE was a justified and suitable choice for our experimental
needs.

2.2. Serum and urine analysis

Serum creatinine and serum troponin T concentrations were
measured using an astematie automated biochemical analyser (Siemens
biochemical analyser and its Leadman reagents, Siemens, Germany).
Serum B-type natriuretic peptide (BNP) (ab108816, Abcam, Cambridge,
UK) levels were quantified using an enzyme-linked immunosorbent
assay kit. The concentration of empagliflozin in serum was measured
using high-performance liquid chromatography (HPLC) as previously
described [18].

2.3. Echocardiography

At the end of the study, the rats were examined by echocardiography
(vevo 770TM-230, VisualSonics, Canada) in the parasternal long axis
view by an experienced echocardiographer to collect data on the
following parameters: interventricular septum in systole (IVSs), inter-
ventricular septum in diastole (IVSd), left ventricular end-systolic
dimension (LVESd), left ventricular end-diastolic dimension (LVEDA),
left ventricular posterior wall in systole (LVPWs), and left ventricular
posterior wall in diastole (LVPWd). Further parameters were calculated
using the following equations: Change in left ventricular posterior wall
thickness (LVPW, %) = (LVPWs-LVPWd)/LVPWd*100 %; Change in
interventricular septum thickness (IVS, %) = (IVSs-IVSd)/IVSd*100 %;
Left ventricular end systolic volume (LVESV, mm?) = 1.04*LVESd’ ; Left
ventricular end diastolic volume (LVEDV, mm®)= 1.04*LVEDdA3; Stroke
volume (SV, mm®) = 1.04*LVEDd >-1.04*LVESd °; Fractional short-
ening (FS, %) = (LVEDd-LVESd)/LVEDd*100 %; Left ventricular ejec-
tion fraction (EF, %) = (1.04*LVEDd 3-1.04*LVESd °)/(1.04*LVEDd °)
*100 %; Left ventricular mass (LVM) = 1.04* [(LVEDD+PWT+AWT) 3
-LVEDD®] [19,20].

2.4. Heart histological analysis

Heart tissue was embedded in paraffin after immersion for 48 h in
4 % paraformaldehyde and subsequently cut into 2 pm slices for Sirius
Red staining, Periodic Schiff-Methyl Blue staining (PASM) and Masson’s
trichrome staining. Cardiomyocyte diameter was analyzed by measuring
the diameter of 50 cardiomyocytes on each PASM-stained section and
calculating the average. The percentage of myocardial fibrosis was ob-
tained by analyzing Sirius Red stained slides using the ImageJ threshold
method (National Institutes of Health), as described previously [21].
Analysis of perivascular fibrosis index was done by two blinded inde-
pendent investigators using a semiquantitative grading score (grades
I-IV) on Masson’s trichrome stained slides as follows: I = weak, II=
moderate, III = severe, and IV = very severe fibrosis. The
media-to-lumen ratio of the vessels in the heart was assessed by
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measuring the vessel-wall area divided by the vessel-lumen area of all
blood vessels in each PASM-stained section at 10 x magnification. The
calculated mean value was used for further analysis. All analyses
covered more than 80 % of the area of each slice.

2.5. Immunofluorescence staining

We performed immunofluorescence analysis using the following
specific antibodies: CD68 (primary antibody: GB113109, Servicebio,
China, dilution 1:2000; secondary antibody: GB22303, Servicebio,
China, dilution 1:500), CD206 (primary antibody: GB113497, Service-
bio, China, dilution 1:1000; secondary antibody: GB21303, Servicebio,
China, dilution 1:300), INOS (primary antibody: GB11119, Servicebio,
China, dilution 1:300; secondary antibody: GB21303, Servicebio, China,
dilution 1:300), CD8 (primary antibody: GB11068, Servicebio, China,
dilution 1:500; secondary antibody: GB21303, Servicebio, China, dilu-
tion 1:300), and CD4 (primary antibody: GB11064-1, Servicebio, China,
dilution 1:500; secondary antibody: GB21303, Servicebio, China, dilu-
tion 1:300). Frozen Section (4 um) were placed in the primary antibody
at 4°C overnight. Then, the tissues and cells were washed and incubated
with a secondary antibody. After staining the nuclei with 4,6-Dia-
midino-2-phenylindole (DAPI), the tissues and cells were visualised. For
each section, twelve randomized high-power fields were examined using
a fluorescence microscope at 20x magnification. Cytotoxic T cells
(CD8 +-cells/Area) and helper T cells (CD4 +cells/Area), as well as the
colocalisation of CD68/INOS and CD68/CD206 positive area were
analysed using Aipathwell (Servicebio, China).

2.6. Single-nuclei RNA sequencing (snRNA-seq)

The collected heart tissues were quick-frozen in liquid nitrogen for
30 min and stored in a freezer at —80 °C. Based on the median of the
final serum creatinine concentration, four heart samples from each
group were selected for single-nuclei RNA sequencing (snRNA-seq).
Nuclei were isolated by a custom protocol. In brief, frozen tissue spec-
imens were chopped into small pieces and transferred into a pre-cooled
gentleMACS C Tube (Miltenyi Biotec, Germany) prefilled with 4 ml of
ice-cold lysis buffer [Nuclei Extraction Buffer (Miltenyi Biotec, Ger-
many)]; 0.2 U/pul RNase Inhibitor (Sigma-Aldrich, USA)) without
allowing the tissue to thaw. C Tubes were immediately transferred onto
the gentleMACS™ Octo Dissociator (Miltenyi Biotec, Germany) for tis-
sue homogenization and cell lysis by running program “4C_nuclei_1”.
The nuclei suspension was filtered through a 70 pym strainer and
centrifuged at 300 g for 5 min at 4 °C. Supernatant was discarded and
the nuclei pellet resuspended in 1.5 ml ice-cold lysis buffer. An aliquot of
the nuclei suspension corresponding to 50-100 mg of the tissue input
material was mixed with ice-cold lysis buffer for a total of 500 uL and
transferred onto a Nuclei Isolation Column provided in the Chromium
Nuclei Isolation Kit (10X Genomics, USA). All following steps were
performed according to the manufacturer’s instructions under the
guidance of the Nuclei Isolation Protocol for Single-Cell Multiome ATAC
+ Gene Expression (CG000505). snRNA-seq libraries were prepared
using the Chromium Next GEM Single Cell 3' Kit v3.1 (10X Genomics,
USA) according to the manufacturer’s instructions. Briefly, high-quality
sequencing data were obtained after a series of experimental proced-
ures, including nuclei counting and quality control, gel beads-in-
emulsion (GEMs) generation and barcoding, post-GEM-RT cleanup,
c¢DNA amplification, gene expression library construction, and paired-
end sequencing (read 1: 28 bp, read 2: 90 bp) on a NovaSeq 6000
platform (Illumina, USA). CellRanger (v7.0.0; 10X Genomics, USA) was
applied to process the sequencing data and generate UMI-based gene
count matrices. Reads were aligned to reference genome Rnor6.0
(Ensembl release 86). The Seurat R package (v4.1.3) was used for further
downstream analyses. Cells were kept for downstream analysis if at least
350 genes were detected to exclude low-quality cells. Similarly, only
genes detected in > 3 cells were kept for further analysis. Approximately
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5000 nuclei per sample and 1100 genes per nuclei were detected.
Transcript counts were normalized to 10,000 counts per cell and log-
normalized using Seurat’s “NormalizeData” function. Highly variable
genes were identified by the “FindVariableFeatures” function applying
the “vst” method and data were scaled using the “ScaleData” function.
Cell clusters were determined via Seurat’s default graph-based clus-
tering strategy using the “FindNeighbors” and “FindClusters” functions.
The top 40 principal components (PCs) and 1.45 resolution were used to
compute the cell clusters. Forty-two cell clusters were identified in the
dataset and represented via UMAP that was also calculated on the top 40
PCs. Cluster-based cell type annotation was performed on the expression
of known marker genes which also identified clusters of cell multiplets
and a single cluster representing low-quality nuclei that were removed
for further analysis (Supplementary figure 1). To explore the heteroge-
neity in immune cell (IC), we performed secondary cluster analysis on
lymphocytes and myeloid cells. Differential expression analysis was
computed via the “FindAllMarkers” or “FindMarkers” function of the
Seurat R package utilizing the MAST R package (Supplementary figure
2). Genes with an absolute fold change > 1.2 and an adjusted p value
< 0.05 (Bonferroni correction) were considered differentially expressed
genes (DEGs). Only genes detected in > 10 % of the cells in at least one of
the compared populations were considered for differential expression
analysis. Pathway analysis [kyoto encyclopedia of genes and genomes
(KEGG) and gene ontology (GO) analyses] was performed on the DEGs
observed for ventricular cells using ClusterProfiler (3.10.1) R package.
Enrichment of pathway and biological process was defined based on
adjusted p value < 0.05. Three highly differentially expressed genes
involved in regulating cardiomyocyte development were verified by
quantitative real-time polymerase chain reaction (QRT-PCR). The DEGs
data from the snRNA-seq analysis were obtained specifically from ven-
tricular cardiomyocytes, whereas the qRT-PCR was performed on whole
myocardial tissue, which includes ventricular cardiomyocytes as well as
other types of cardiac cells.

2.7. Statistical information

GraphPad Prism version 10.0 and SPSS 26.0 software were used for
statistical analysis and data visualisation. Outliers were identified and
excluded using the ROUT method (Q = 1 %) in GraphPad Prism 10.0.
For the statistical analysis of laboratory indicators, normally distributed
data were analyzed using one-way ANOVA with Bonferroni’s post hoc
test, and non-normally distributed data were analyzed using Kruskal-
Wallis test with Dunn’s post hoc test. Differential gene-expression
analysis was performed using Wilcoxon rank sum test. The false dis-
covery rate (FDR) was controlled to correct for multiple testing. In all
cases, differences were regarded as statistically significant if p < 0.05.

Table 1
Animal characteristics.
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3. Results

3.1. Biochemical parameters indicated that Empagliflozin did not improve
mild cardiac injury caused by 5/6 nephrectomy

After 95 days of 5/6 nephrectomy, serum creatinine and serum
troponin T levels were significantly elevated, while serum BNP levels
remained unchanged compared to controls (Table 1 and Fig. 1). There
was no difference in blood pressure (BP) or heart rate between 5/6
nephrectomized rats and controls. Body weight, heart weight, and
relative heart weight were also similar between the two groups. The
telmisartan-treated group exhibited significantly lower heart weight
than the 5/6 nephrectomy group, although serum troponin T and BNP
levels did not differ between these groups (Table 1). Empagliflozin
significantly reduced serum creatinine in 5/6 nephrectomy rats, but had
no significant effect on BP, heart weight, serum troponin T or serum
BNP. Heart rate was lower in the high-dose empagliflozin group
compared to the 5/6Nx+PBO group (Table 1). 24 h after the last dose,
the plasma empagliflozin concentration in the high-dose group was
23.20 + 6.50 ng/ml, a concentration that was well above its half
maximal inhibitory concentration (3.1 ng/ml) [17]. The mortality rate
for each group was as follow: Sham + Placebo (12.50 %), 5/6Nx +
Placebo (40.00 %), 5/6Nx + 3 mg Empagliflozin (30.77 %), 5/6Nx
+ 15 mg Empagliflozin (21.43 %), and 5/6Nx + Telmisartan (30.0 %).
Mortality analyses revealed no significant differences between groups,
so these data are not presented graphically (Supplementary file 1).

3.2. Echocardiography showed that Empagliflozin reduced LVPWs and
IVSd, but had no effect on SV, EF and FS

After 95 days of 5/6 nephrectomy, stroke volume (SV), left ventric-
ular ejection fraction (EF) and fractional shortening (FS) and left ven-
tricular mass (LVM) were increased in rats (Table 2; Fig. 1). Left
ventricular posterior wall in systole (LVPWs), left ventricular posterior
wall in diastole (LVPWd), change in left ventricular posterior wall
thickness (LVPW), interventricular septum in systole (IVSs), interven-
tricular septum in diastole (IVSd) and change in interventricular septum
thickness (IVS) parameters were not different from those of normal rats
(Table 2). Telmisartan treatment reduced LVPWs, SV and LVM. Empa-
gliflozin treatment also decreased LVPWs, IVSd and LVM (Fig. 1D), but
had no effect on cardiac pumping function. SV, EF and FS in the
empagliflozin group were not different from those in the 5/6Nx+PBO
group (Table 2; Fig. 1E-G).

Parameters Sham + PBO (n = 7) 5/6Nx + PBO (n =9) 5/6Nx + 3 mg EMPA 5/6Nx + 15 mg EMPA 5/6Nx + TELM
n=9) (n=11) n=7)
Final body weight (g) 509.00 + 18.09 464.11 + 17.58 494.56 + 16.37 468.18 + 13.11 475.29 + 11.36
Heart weight (g) 1.87 £ 0.10 1.82 £+ 0.10 1.64 £+ 0.05 1.73 +£ 0.10 1.37 £+ 0.06**
Rel. heart weight [10-2] 0.37 +0.01 0.39 + 0.03 0.33 +0.01 0.37 + 0.02 0.29 + 0.01**
Final SBP (mmHg) 164.17 £ 7.06 163.00 + 7.84 166.00 + 8.62 164.33 + 23.92 130.67 + 28.43
Final DBP (mmHg) 86.67 + 14.61 76.38 + 13.89 95.33 + 28.72 40.00 + 4.04 70.33 + 4.63
Final heart rate (bpm) 397.50 + 28.16 382.88 + 28.83 387.33 + 47.19 248.33 £ 7.69* 372.67 + 26.85
Final serum creatinine (pmol/ 24.00 £ 1.51%*** 72.00 + 8.49 47.50 + 4.98** 49.09 + 2.76%* 54.86 + 2.42
L)
Final serum troponin T (ng/L)  0.01 + 0.003** 0.04 + 0.009 0.02 + 0.005 0.03 + 0.004 0.03 + 0.004
Final serum BNP (ng/ml) 0.20 + 0.03 0.25 + 0.05 0.24 + 0.01 0.23 + 0.03 0.21 £+ 0.03
T24 (Empagliflozin, ng/ml) - - < 2.00 23.20 + 6.50 -

Note: Rel. heart weight (Relative heart weight) = Heart weight / final body weight; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; BNP: Serum B-type
natriuretic peptide; T24 (Empagliflozin, ng/ml): Plasma concentrations of empagliflozin 24 h after the last dose. -: Below the minimum detection value (2 ng/ml).
Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values displayed are mean + SEM. *p < 0.05;
**p < 0.01; ****p < 0.0001, significantly different from 5/6Nx + PBO. Normally distributed data were analyzed using one-way ANOVA with Bonferroni’s post hoc
test, and non-normally distributed data were analyzed using Kruskal-Wallis test with Dunn’s post hoc test.
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Fig. 1. Effects on cardiac and renal function compared to 5/6Nx + PBO group. (A) Final serum creatinine (pmol/L): Sham + PBO (n = 7); 5/6Nx + PBO(n = 9); 5/
6Nx + 3 mg EMPA (n = 8); 5/6Nx + 15 mg EMPA (n = 11); 5/6Nx + TELM (n = 7). (B) Final serum troponin T (ng/L): Sham + PBO (n = 7); 5/6Nx + PBO(n = 9);
5/6Nx + 3 mg EMPA (n = 8); 5/6Nx + 15 mg EMPA (n = 10); 5/6Nx + TELM (n = 7). (C) Final serum BNP (ng/ml): Sham + PBO (n = 6); 5/6Nx + PBO(n = 7); 5/
6Nx + 3 mg EMPA (n = 7); 5/6Nx + 15 mg EMPA (n = 9); 5/6Nx + TELM (n = 7). (D) Left ventricular mass (LVM). (E) Left ventricular ejection fraction (EF). (F)
Stroke volume (SV). (G) Fractional shortening (FS). (D-G) Sham + PBO (n = 6); 5/6Nx + PBO(n = 3); 5/6Nx + 3 mg EMPA (n = 5); 5/6Nx + 15 mg EMPA (n = 5);
5/6Nx + TELM (n = 5). Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values displayed are
mean + SEM. *p < 0.05; **p < 0.01; ****p < 0.0001, significantly different from 5/6Nx + PBO. Normally distributed data were analyzed using one-way ANOVA
\Lvith Bonferroni’s post hoc test, and non-normally distributed data were analyzed using Kruskal-Wallis test with Dunn’s post hoc test.

Table 2
Cardiac echocardiographic data.

Parameters Sham + PBO 5/6Nx + PBO 5/6Nx+ 3mgEMPA 5/6Nx+ 15mgEMPA 5/6Nx + TELM
(n=6) (n=3) (n=35) (n=5) (n=5)

Left ventricular posterior wall in systole 2.83 +£0.19 3.33 +0.09 2.64 £+ 0.10* 2.90 +0.13 2.48 £ 0.11**
(LVPWs, mm)

Left ventricular posterior wall in diastole 2.05 +0.10 2.00 £ 0.15 1.80 + 0.08 1.78 £ 0.14 1.76 + 0.11
(LVPWd, mm)

Change in left ventricular posterior wall 38.92 £+ 9.05 68.89 + 14.88 47.52 +7.17 65.28 + 9.31 43.19 + 10.52
thickness (LVPW, %)

Interventricular septum in systole (IVSs, mm) 3.00 £+ 0.25 2.67 + 0.09 2.62 +0.12 2.40 + 0.09 2.50 £+ 0.09

Interventricular septum in diastole (IVSd, mm) 2.08 £ 0.11 2.30 £ 0.12 2.02 + 0.06 1.88 + 0.09* 2.00 + 0.08

Change in interventricular septum thickness 43.47 £ 6.10 16.68 + 8.33 30.78 + 9.69 28.21 +4.78 25.30 + 3.15
(IVS, %)

Left ventricular end systolic volume (LVESV, 60.08 & 13.08 42.68 +5.85 28.93 + 2.51 68.69 + 15.84 26.52 +1.39
mm3)

Left ventricular end diastolic volume (LVEDV, 224.39 + 43.19* 399.72 + 20.05 287.46 + 30.82 429.66 + 49.88 246.27 +12.28
mm3)

164.31 & 37.32%*
68.67 + 5.88**
33.42 £+ 4.25%*
819.93 + 97.82*

357.04 + 25.78
89.13 +1.91
52.65 + 3.01
1212.62 £ 65.90

258.53 + 28.61
89.79 £+ 0.52
53.324+0.79
856.01 + 54.63*

360.97 + 37.57
84.70 + 2.34
47.05 £ 2.65
997.65 £+ 101.30

219.75 £ 11.18*
89.21 +0.34
52.42 + 0.50
779.87 + 55.65*

Stroke volume (SV, mm?)

Left ventricular ejection fraction (EF, %)
Fractional shortening (FS, %)

Left ventricular mass (LVM)

Note: Change in left ventricular posterior wall thickness (LVPW, %) = (LVPWs-LVPWd)/LVPWd*100 %; Change in interventricular septum thickness (IVS, %) = (IVSs-
IVSd)/IVSd*100 %,; Left ventricular end systolic volume (LVESV, mm®) = 1.04*LVESdA3; Left ventricular end diastolic volume (LVEDV, mm?)= 1.04*LVEDdA3; Stroke
volume (SV, mm®) = 1.04*LVEDd >-1.04*LVESd >; Fractional shortening (FS, %) = (LVEDd-LVESd)/LVEDd*100 %; Left ventricular ejection fraction (EF, %)
= (1.04*LVEDd 3-1.04*LVESd ®)/(1.04*LVEDd ®)*100 %; Left ventricular mass (LVM) = 1.04* [(LVEDD+PWT+AWT) ° -LVEDD °]. Sham: Sham operation; 5/6Nx:
5/6 nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values displayed are mean + SEM. *p < 0.05; **p < 0.01, significantly
different from 5/6Nx + PBO. Normally distributed data were analyzed using one-way ANOVA with Bonferroni’s post hoc test, and non-normally distributed data were
analyzed using Kruskal-Wallis test with Dunn’s post hoc test.

3.3. Histological parameters revealed that empagliflozin significantly
improved the enlargement of cardiomyocytes caused by 5/6 nephrectomy
but had no effect on myocardial fibrosis

Fig. 2 shows heart tissue stained with PASM and Masson. Histolog-
ical analysis showed that 5/6 nephrectomy resulted in enlarged car-
diomyocytes, thickened vascular walls, and increased perivascular
fibrosis, but did not increase myocardial fibrosis (Fig. 2). Treatment with
telmisartan and both doses of empagliflozin significantly improved
cardiomyocyte enlargement caused by 5/6 nephrectomy, but had no
effect on vascular wall thickness, perivascular fibrosis, or myocardial
fibrosis (Fig. 2).

3.4. snRNA-seq analysis indicated that empagliflozin did not change the
cell composition of heart in 5/6 nephrectomy rats

Four heart samples from each group were selected around the me-
dian serum creatinine level to generate a snRNA-seq atlas (Fig. 3A). A
total of 82,352 nuclei were detected, with the number of nuclei detected
per sample ranging from 3793 to 6094. Cluster analysis identified 41 cell
clusters. Approximately 1100 genes were identified in each nucleus.
Based on gene expression markers (Supplementary file 2), 17 cell types
were identified and are marked in Fig. 3B. The cell composition analysis
of each group revealed that cardiomyocytes (ventricular), endocardial
cells, and fibroblasts constituted the majority of cells in all groups
(Fig. 3C). No significant differences in the proportions of ventricular
cardiomyocytes, atrial cardiomyocytes, epicardial cells, endocardial
cells, myeloid cells, lymphoid cells, proliferation_cells, proliferation _
immune cells, and fibroblasts were observed among the groups (Fig. 3 D-

K). To further explore immune cell heterogeneity, we performed sec-
ondary cluster analysis on lymphocytes and myeloid cells
(Supplementary figure 2; Supplementary file 3). The data revealed no
significant differences in immune cell populations between normal rats
and 5/6 nephrectomy rats, and therefore, we did not address this further
in the article.

3.5. gRT-PCR confirmed empagliflozin-mediated regulation of
cardiomyocyte development genes Fhl2, Tbx20, and Angptl

DEGs for each cell type in each group can be found in Supplementary
file 4. According to the criteria of absolute fold change > 1.2 and an
adjusted p value < 0.05, 44 DEGs were identified in ventricular car-
diomyocytes from the 5/6Nx + 15 mg empagliflozin group compared to
20 DEGs in the 5/6Nx + PBO group. Pathway analysis was conducted
using the KEGG and GO databases as reference. The top 15 most sig-
nificant biological processes (adjusted p value < 0.05) are shown in
Fig. 4A. These indicate that four biological processes related to heart
development were regulated, including heart development, circulatory
system development, cardiac muscle cell differentiation, and cardiac
muscle tissue development. Among these regulated biological processes,
the three genes with the greatest difference in expression between the
control and experimental groups and an involvement in cardiomyocyte
development, Fhi2 (Four and a half LIM domains 2), Tbx20 (T-Box
transcription factor 20), and Angpt1 (Angiopoietin 1), were validated by
gqRT-PCR (Fig. 4 B, C, D). qRT-PCR confirmed that empagliflozin
increased Fhl2 and decreased Thx20 expression (Fig. 4 B, 4C). However,
conflicting results were observed for Angptl (Fig. 4 D), likely due to the
difference in sample sources: the snRNA-seq data was obtained from
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Fig. 2. Effect on cardiac histology. (A) Representative micrographs of PASM and Masson staining of heart sections from each group (X400, Scale bar=50pm); Yellow
arrows in PASM: cardiomyocytes; Blue arrows in Masson: myocardial vessels; Yellow arrows in Masson: myocardial fibrosis. (B) Cardiomyocyte diameter (pm). (C)
Myocardial fibrosis (%). (D) Perivascular fibrosis. (E) Media to lumen ratio. Sham + PBO (n =7); 5/6Nx + PBO(n = 9); 5/6Nx + 3 mg EMPA (n = 9); 5/6Nx
+ 15 mg EMPA (n=11); 5/6Nx + TELM (n = 7). Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Placebo; TELM: Telmisartan, EMPA:
Empagliflozin. Values displayed are mean + SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001, significantly different from 5/6Nx + PBO. Normally distributed data
were analyzed using one-way ANOVA with Bonferroni’s post hoc test, and non-normally distributed data were analyzed using Kruskal-Wallis test with Dunn’s post

hoc test.

ventricular cardiomyocytes, whereas the qRT-PCR was conducted on
whole myocardial tissue. Furthermore, the relatively lower gene
expression difference may also be one of the reasons for the discrepancy
between the qRT-PCR and snRNA-seq analysis results of Angptl (5/6Nx
+ 15 mg EMPA: fold change = 1.77, adjusted p value < 0.0001; 5/6Nx +
PBO: fold change = 0.74, adjusted p value < 0.0001).

3.6. Immunofluorescence analysis indicated that empagliflozin increased
the infiltration of M2 macrophages, CD4+ T cells and CD8+ T cells in
cardiac tissue in 5/6 nephrectomy rats

Empagliflozin’s cardioprotective effect has been linked to modula-
tion of the M1/M2 macrophage balance [22-25]. In our previous study
[23], we also found that empagliflozin inhibited the polarization of
CD206-CD68- M2 macrophages to CD206+CD68+ M2 macrophages.
Thus, we examined cardiac M1 macrophages (CD68+ INOS+) and M2
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Fig. 3. snRNA-seq identified the major cell types in heart. (A) UMAP embeddings of snRNA-seq data colored by group batches. (B) Dimensionality reduction and
clustering of 82352 cells. 41 cell clusters were identified. (C) Stacked bar graphs depicting the alterations in the percentage of different cell clusters between groups.
(D-K) Comparison of the percentage of different cell clusters in each group. Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Placebo; TELM:
Telmisartan; EMPA: Empagliflozin. Values displayed are mean + SEM. All groups were compared with the 5/6NX+PBO group, and a p-value of < 0.05 was
considered statistically significant. One-way ANOVA with Bonferroni’s post hoc test was used for between-group comparisons.

macrophages (CD68+ CD206+) by immunofluorescence. M1 and M2
macrophage levels in 5/6Nx rats were similar to controls, but M2
macrophage levels were significantly increased in empagliflozin-treated
rat (Fig. 5C). Furthermore, CD4+ T cells and CD8+ T cells play an
important role in CKD [26,27], so we also analysed the number of CD4+
T cells and CD8+ T cells in heart using immunofluorescence (Fig. 5 A).
CD4+ T cell numbers were unchanged between 5/6Nx and control rats,
but significantly increased in the high-dose empagliflozin group (Fig. 5
D). Low-dose empagliflozin restored CD8+ T cell numbers, although
variability among groups was high. (Fig. 5 E). Overall, only very small
numbers of CD4+ T cells and CD8+ T cells were detected in each group
(Fig. 5 ADE).

4. Discussion

This study provides compelling evidence for the cardioprotective
effects of Empagliflozin in a non-diabetic cardiorenal syndrome model
induced by 5/6 nephrectomy. By integrating high-level functional
analysis (echocardiography), single-cell RNA sequencing, and detailed
morphological assessments, we demonstrate that Empagliflozin signifi-
cantly attenuates LVM and cardiomyocyte hypertrophy. Echocardiog-
raphy revealed reductions in LVPWs and IVSd, consistent with structural
improvements. Histological analysis confirmed these findings, showing
reduced cardiomyocyte diameter, while single-cell RNA sequencing
identified critical molecular pathways involving Fhl2, Tbx20, and
Angptl, which regulate cardiomyocyte development and myocardial
remodeling. Importantly, these changes occurred without affecting
echocardiographic heart function, as evidenced by unchanged SV, EF,
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Fig. 4. Differentially expressed genes (DEGs) in cardiomyocyte _ ventricular and quantitative real-time polymerase chain reaction (QRT-PCR). (A) Left panel: Gene
ontology analyses of differentially expressed genes (DEGs) in single-nuclei RNA sequencing data. The top 15 biological processes with an adjusted p < 0.05 are
displayed, sorted from lowest to highest adjusted p value. Right panel: Heatmap of DEGs for biological processes related to heart development. (B-D) qRT-PCR
validation of Fhl2 (Four and a half LIM domains 2), Tbx20 (T-Box transcription factor 20), and Angptl (Angiopoietin 1). Sham: Sham operation; 5/6Nx: 5/6
nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values displayed are mean + SEM. *p < 0.05; **p < 0.01; ****p < 0.0001,
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significantly different from 5/6Nx + PBO. One-way ANOVA with Bonferroni’s post hoc test was used for between-group comparisons.

and FS. Together, these findings underscore Empagliflozin’s potential to
mitigate cardiac remodeling in cardiorenal syndrome, independent of
hemodynamic changes or ion channel modulation. By combining func-
tional, molecular, and morphological approaches, this study offers a
comprehensive understanding of Empagliflozin’s cardioprotective
mechanisms and extends its therapeutic potential beyond diabetes
management to broader clinical contexts, including cardiorenal

syndrome.

Left ventricular hypertrophy (LVH) is the most common early cardiac
structural abnormality observed in patients with chronic kidney disease
(CKD) [2]. Several clinical trials have demonstrated that SGLT2 in-
hibitors can reduce LVM [11,14,28]. Notably, the EMPA-HEART Car-
diolink-6 trial found that empagliflozin effectively reduces myocardial
hypertrophy even in patients without pre-existing hypertrophy [14].
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Fig. 5. Effects of Empagliflozin on macrophage, CD4 + T cell and CD8 + T cell in heart. (A) Representative micrographs of heart sections from each group (X200,
Scale bar=100pm); (B) M1 Macrophages (CD68 + INOS+). (C) M2 Macrophages (CD68 + CD206 +). (D) CD4 + T cell. (E) CD8 + T cell. Sham + PBO (n = 7); 5/6Nx
+ PBO(n = 9); 5/6Nx + 3 mg EMPA (n = 9); 5/6Nx + 15 mg EMPA (n = 11); 5/6Nx + TELM (n = 7). Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model;
PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values displayed are means & SEM. *p < 0.05; ****p < 0.0001, significantly different from 5/6Nx + PBO.
One-way ANOVA with Bonferroni’s post hoc test was used for between-group comparisons. Normally distributed data were analyzed using one-way ANOVA with
Bonferroni’s post hoc test, and non-normally distributed data were analyzed using Kruskal-Wallis test with Dunn’s post hoc test.

Similarly, the DAPA-LVH trial revealed that patients with higher base-
line LVM experienced a more significant reduction in LVM following
empagliflozin treatment [13]. Additionally, numerous preclinical
studies have highlighted the beneficial effects of SGLT2 inhibitors on
myocardial hypertrophy [29-31]. However, the precise mechanisms
through which SGLT2 inhibitors modulate myocardial remodeling
remain unclear. In our study, we investigated the effects of empagli-
flozin on myocardial hypertrophy and its potential mechanisms in a
non-diabetic heart-kidney syndrome model for the first time. Our find-
ings also revealed that after 5/6 nephrectomy, both cardiac function
(evidenced by elevated serum troponin T) and morphology (manifested
as increased cardiomyocyte diameter) were disrupted. Some early hy-
potheses suggested that reducing the preload and afterload on the heart
was the key mechanism through which ARBs and SGLT2 inhibitors
improve cardiac structure and function. However, in this study, we
observed that Empagliflozin had effects independent of blood pressure
changes. Recent studies have also pointed out that the reduction in LVM
is unrelated to changes in blood pressure. The EMPA-HEART Car-
dioLink-6 Randomized Clinical Trial showed that changes in 24-hour

10

ambulatory blood pressure were not associated with changes in LVM
over a 6-month observation period [14]. In the Hypertension (LIFE)
Trial, the Losartan treatment group (compared to Atenolol) showed a
greater reduction in LVM and cardiovascular events, but there were no
significant differences in blood pressure between the two treatment
groups (Losartan and Atenolol) [32]. Furthermore, some studies have
suggested that left ventricular mass is not always correlated with higher
blood pressure levels [33]. Research by Paneni, F. et al. also suggested
that SGLT2 inhibitors can reduce left ventricular hypertrophy inde-
pendently of preload reduction [34]. These observations suggest that, in
addition to affecting hemodynamics, the reduction in LVM observed
after Empagliflozin treatment may involve alternative mechanisms.
We used snRNA sequencing technology to examine the gene
expression in ventricular cardiomyocytes. Empagliflozin regulated some
genes that were abnormally expressed in ventricular cardiomyocytes
due to 5/6 nephrectomy. These genes are mainly involved in the regu-
lation of cardiomyocyte development. regulating the development of
cardiomyocytes. We performed qRT-PCR validation on the two genes
with the most significant expression differences (Fhl2 and Tbx20). The
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results showed that Empagliflozin upregulated the expression of Fhi2
while downregulating the expression of Tbx20. Fhi2 is mainly expressed
in the heart and plays a protective role in pathological cardiac hyper-
trophy [35]. In human hypertrophic cardiomyopathy (HCM) samples
and HCM mouse models, Fhl2 levels are significantly reduced [36].
Compared to wild-type mice, Fhl2 knockout amplified the mice’s hy-
pertrophic response to Ang Il/isoproterenol, including significant in-
creases in cardiomyocyte cross-sectional area, heart weight ratio, and
LVM [37,38]. Overexpression of Fhl2, on the other hand, reduced
adrenergic-induced cardiac hypertrophy [39]. Fhl2 may be an important
negative regulator of key signaling pathways in myocardial hypertro-
phy, such as mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) and calcineurin/nuclear factor of acti-
vated T cells (NFAT). Fhl2 interacts with ERK2 and calcineurin on the
sarcomere to inhibit MAPK/ERK and calcineurin/NFAT signaling [38].
MAPK/ERK regulates various biological functions, including car-
diomyocyte differentiation and growth, but the downstream mecha-
nisms remain inadequately understood. In our study, we did not validate
the downstream factors of Fhl2, but we confirmed the expression of Fhl12
in ventricular cardiomyocytes through both snRNA sequencing and
gqRT-PCR. It is likely that Empagliflozin restores the inhibition of
myocardial hypertrophy signaling pathways, which are disrupted by 5/6
nephrectomy, through upregulation of Fhl2.

Next, we explored whether Empagliflozin affects cardiomyocyte
number. Traditional views hold that adult cardiomyocytes have
completed differentiation and have limited proliferative ability. How-
ever, recent studies suggest that genes involved in regulating heart
development during the embryonic stage are reactivated in adult heart
pathological conditions and promote cardiac regeneration [40]. The
T-box transcription factor 20 (Tbx20) gene is a key regulator of car-
diomyocyte proliferation during embryonic development [41]. Tbx20
protein is highly expressed in the free wall of the adult left ventricle and
the interventricular septum [42]. Current views suggest that Tbx20 is
also necessary for adult heart homeostasis [43]. One study analyzed the
genome-wide DNA and transcriptomic data from Tbx20 knockout mice.
The results showed that knocking out the Tbx20 gene in the adult mouse
heart led to the upregulation/downregulation of over 4000 genes,
highlighting the importance of Tbx20 in the adult heart. This study also
pointed out that Tbx20 regulates active anti-proliferation programs in
the adult heart [44]. Inducing Tbx20 overexpression in the adult mouse
heart was shown to suppress negative cell-cycle regulators (p21, Meis1,
Btg2) and promote cardiomyocyte proliferation without altering heart
morphology or pathology, including no induction of cardiac hypertro-
phy, fibrosis, or dysfunction [45]. They believed this was because
Tbx20-induced proliferation mainly resulted in small-volume mono-
nucleated cardiomyocytes, so overexpression of Tbx20 in the adult heart
did not affect the normal size of the heart [45]. Most studies currently
suggest that Tbx20 mediates adult cardiomyocyte proliferation by
activating the Bone Morphogenetic Protein 2 (BMP2)/phosphorylated
Smad (pSmad)1/5/8 signaling pathway [46], but it remains unclear
whether Tbx20-induced cardiomyocyte proliferation further leads to
cardiac hypertrophy. In various experimental models, including
hyperglycemia-induced cardiomyocyte proliferation [46], chronic
hypoxia-induced right ventricular hypertrophy [47], an increase in
cardiac Tbx20 expression is observed, and improvements in cardiac
function are accompanied by a decrease in Tbx20 expression [47]. In our
study, after 3 months of 5/6 nephrectomy, rats showed an increase in LV
mass and cardiomyocyte diameter accompanied by an increase in Tbx20
expression. However, snRNA sequencing data showed no increase in the
number of cardiomyocytes (ventricular and atrial) or other
non-cardiomyocytes (epicardial cells, endocardial cells, myeloid cells,
lymphoid cells, and fibroblasts) in 5/6 nephrectomized rats compared to
normal rats. This is inconsistent with the current view that Tbx20 pro-
motes small-volume cardiomyocyte proliferation. Empagliflozin’s effect
on improving cardiomyocyte enlargement and LVM was also accompa-
nied by a decrease in Tbx20 expression, which is similar to the
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observation by Vanderpool RR. et al., where improvements in cardiac
function following treatment were accompanied by a decrease in Tbx20
expression [47]. Based on the current data, we speculate that Tbx20 is
involved in the myocardial injury induced by 5/6 nephrectomy, but
rather through other mechanisms than through influencing car-
diomyocyte proliferation. The reduction in Tbx20 following Empagli-
flozin treatment may be a secondary effect, possibly mediated by the
upregulation of Fhl2. A study by Sengupta, A. et al. reported thatTbx20
expression increases during the acute phase of adult myocardial ER
stress but decreases during prolonged ER stress, suggesting that the role
of Tbx20 in myocardial pathology is dynamic and context-dependent
[46].

Some recent studies reported that the beneficial effects of SGLT2
inhibitors are related to their modulation of macrophage differentiation
and polarization [48]. During myocardial injury, monocytes are
recruited to the damaged area and differentiate into pro-inflammatory
M1 macrophages (CD68+/INOS+), promoting local inflammatory re-
sponses. M1 macrophages then further differentiate into
anti-inflammatory/pro-fibrotic M2 macrophages (CD68-+/CD206+),
promoting tissue repair and collagen deposition. Therefore, the ratio of
M1 and M2 macrophages at different stages of disease may influence
disease outcomes. Some studies have reported that SGLT2 inhibitors can
reduce macrophage, CD4+ T cell, and B cell infiltration in ischemic
myocardium and atherosclerotic plaque areas [24,49]. Some studies
support that SGLT2 inhibitors promote macrophage polarization to-
wards the M2 phenotype and suppress inflammation [24]. In another
study of ours using single-cell sequencing technology, we found that
empagliflozin inhibited the polarization of M1 to M2 macrophages [23].
In this study, snRNA sequencing results showed that empagliflozin, in
addition to reducing monocytes/neutrophils, had no effect on macro-
phages and T cells. Due to the limited sample size of the snRNA
sequencing, we performed further validation using immunofluorescence
staining. These analyses revealed that empagliflozin increased the
infiltration of M2 macrophages, CD4+ T cells, and CD8+ T cells in the
myocardium of 5/6 nephrectomized rats. However, the number of these
immune cells in 5/6 nephrectomized rats was not significantly different
from that in normal rats. In addition, a high degree of variability was
observed in CD8" T cell numbers in the sham+PBO group. Furthermore,
since our study lasted more than 3 months, it is possible that macro-
phages and T cells no longer play a dominant role in the later stages of
cardiac disease progression following 5/6 nephrectomy.

5. Limitations

We used a 5/6 nephrectomy to induce non-diabetic cardiorenal
syndrome. However, three months after model induction, changes in
cardiac function and structure were relatively mild. Extending the
experimental duration may allow for the observation of a more signifi-
cant cardioprotective effect of empagliflozin. In this study, left ventric-
ular mass (LVM) was calculated based on echocardiographic
parameters, but cardiac magnetic resonance imaging (cMRI) might
provide a more accurate assessment of LVM. While single-nucleus RNA
sequencing (snRNA-seq) is a precise and powerful tool for identifying
multiple marker genes and clustering cell types, the sample size in this
study was limited. Increasing the sample size and simultaneously using
flow cytometry to count cardiomyocytes would help clarify the effect of
empagliflozin on myocardial cell proliferation. In this study, we
observed the impact of empagliflozin on immune cells, but since there
was no model effect, we did not explore this further. Using snRNA-seq
and qRT-PCR techniques, we found evidence that Empagliflozin exerts
cardioprotective effects through the regulation of Fhl2 and Tbx20, but
this does not fully explain the proposed mechanism. Additional animal
experiments, such as cardiomyocyte-specific knockout of Fhl2 or over-
expression of Tbx20, to assess the effects of Empagliflozin on car-
diomyocyte hypertrophy and left ventricular mass gain, would further
strengthen support for this hypothesis. Moreover, our conclusions are
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based on an animal model exhibiting relatively mild cardiac injury. To
further validate these findings, we are currently conducting studies
using models with more severe myocardial damage, such as Angiotensin
II-induced or Transverse Aortic Constriction (TAC)-induced cardiac
hypertrophy.

6. Conclusion

This study provides compelling evidence that empagliflozin exerts a
cardioprotective effect in a non-diabetic model of cardiorenal syndrome
induced by 5/6 nephrectomy. Specifically, empagliflozin treatment led
to a significant attenuation of left ventricular mass increase and a
reduction in cardiomyocyte hypertrophy, effects that occurred inde-
pendently of blood pressure changes. These structural improvements
were accompanied by transcriptional changes in cardiomyocyte-specific
genes, including upregulation of Fhl2 and downregulation of Tbx20,
pointing toward a direct, cell-intrinsic mechanism of action. Impor-
tantly, single-nuclei RNA sequencing revealed that these molecular
changes were not associated with shifts in cell composition or prolifer-
ation, but rather reflected altered gene expression within
cardiomyocytes.

The novelty of our findings lies in the identification of a mechanistic
link between SGLT2 inhibition and cardiac structural remodeling
through modulation of cardiomyocyte gene programs. While previous
studies have demonstrated the cardiovascular benefits of empagliflozin
in clinical populations, this study is among the first to provide cellular
and transcriptional evidence for its direct myocardial effects in the
absence of diabetes or overt heart failure.

Clinically, these results suggest that empagliflozin could be benefi-
cial not only in the management of established heart failure or diabetic
kidney disease, but also as a preventive therapy in early-stage car-
diorenal syndrome—even in non-diabetic patients. The modulation of
hypertrophy-related gene expression offers a potential explanation for
the myocardial reverse remodeling observed in clinical trials such as
EMPA-HEART and EMPA-KIDNEY, and supports broader use of SGLT2
inhibitors in high-risk populations.

Taken together, our data advance the mechanistic understanding of
SGLT2 inhibitors and highlight their potential role in addressing the
unmet need for early cardioprotection in chronic kidney disease. These
findings lay the groundwork for future clinical studies investigating the
use of empagliflozin in patients with early cardiac structural changes
secondary to renal impairment.
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